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Abstract 
Consumer demand for improved-quality and fresh-like food products have led to 
the development of new non-thermal preservation methods. High pressure processing 
(HPP)  is  currently  the  novel  non-thermal  technology  best  established  in  the  food 
processing  industry.  However,  many  potential  HPP  applications  would  require  long 
treatment  times  to  ensure  an  adequate  inactivation  level  of  pathogens  and  spoilage 
microorganisms. High hydrostatic pressure and the addition of essential oils (EOs) have 
similar  effects  on  microbial  structures  and  thus  they  may  act  synergistically  on  the 
inactivation of microorganisms. Therefore, the combination of high hydrostatic pressure 
with EOs is a promising alternative to expand the HPP food industry. In this work, 
findings on this scarcely investigated hurdle option have been reviewed with a focus on 
the mechanisms involved. The main mechanisms involved are: i) membrane permability 
induced by HPP and EOs facilitating the uptake of EOs by bacterial cells; ii) generation 
of reactive oxygen species via the Fenton reaction; iii) impairment of the proton motive 
force and electron flow; and iv) disruption of the protein-lipid interaction at the cell 
membrane altering numerous cellular functions. The effectiveness of a specific EO in 
enhancing the microbial inactivation level achieved by HPP treatments depends on the 
microbial  ecology  of  the  food  product,  the  molecular  mechanisms  of  the  microbial 
inactivation by HPP, and the mode of action of the EO being used. 
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1. Introduction 
Consumer demand for fresh-like food products have led to the development of non-
thermal  preservation  methods  capable  of  extending  food  shelf-life  and  inactivating 
microbial pathogens without major changes in sensory and nutritional properties. High 
hydrostatic  pressure  processing  (HPP),  nowadays  the  most  promising  and  widely 
utilized  novel  food  preservation  technology,  consists  of  subjecting  food  products to 
hydrostatic pressure in the 100 to 700 MPa range to inactivate foodborne pathogens, 
spoilage  microorganisms,  and  deteriorative  enzymes  with  minimum  effects  on  food 
quality (Mañas and Pagán 2005; Mújica-Paz et al. 2011; Torres et al. 2009; Torres and 
Velazquez 2005). Current HPP applications include processing of products such as fruit 
juices,  smoothies,  guacamole,  seafood,  processed  meats,  snacks  and  prepared  meals 
(Rastogi et al. 2007). 
Similarly to other food processing methods such as thermal treatments, bacterial 
pathogens have intrinsic mechanisms of pressure resistance, with gram-positive bacteria 
having higher resistance than gram-negative pathogens. Most striking, is the extreme 
pressure resistance of bacterial spores when compared to their vegetative counterparts 
(Patterson et al. 1995). Indeed, several studies have shown that while HPP treatments 
can effectively reduce the viable numbers of vegetative foodborne pathogens, they do 
not inactivate bacterial spores at ambient temperatures (San Martin et al. 2002), limiting 
HPP applications to be used only as pasteurization processes. 
Numerous studies have shown that the kinetics of bacterial inactivation by HPP 
exhibit-first order kinetics plots with pronounced tails and/or shoulders (Koseki and 
Yamamoto 2007; Klotz et al. 2007; Saucedo-Reyes et al. 2009). The presence of a tail 
means  that  a  small  fraction  of  the  population  remains  viable  even  after  prolonged 
processing (Vurma et al. 2006). Tails could be due to in part to the large variability in   4 
pressure resistance within the same bacterial species (e.g., Escherichia coli and Listeria 
monocytogenes), requiring the application of HPP for prolonged treatment times (Tay et 
al.  2003).  Prolonged  HPP  treatments  have  high  costs  and  can  adversely  affect  the 
organoleptic attributes and ultimately reduce consumer acceptability (Cheftel 1995b, a), 
and thus limiting commercial and economical application of HPP technology (Lado and 
Yousef  2002).  More  troubling  is  the  possibility  that  bacteria,  particularly  bacterial 
pathogens, might develop gigapascal-high pressure resistance (Vanlint et al. 2011). For 
example, exposure to multiple pressure cycles  yielded  E. coli O157:H7 strains with 
abnormal resistance to pressure (Hauben et al. 1997). 
The limitations and challenges to achieve an effective HPP treatment could be 
overcome by hurdle technology approaches reducing processing time (Raso et al. 1998; 
Leistner 1992). Hurdle technology relies on the synergistic combination of moderate 
doses of bactericidal and/or bacteriostatic compounds in combination with conventional 
and novel food processing options to achieve an acceptable pathogen inactivation level 
(Rastogi  et  al.  2007).  These  combinations  minimize  the  HPP  treatment time  and/or 
intensity  resulting  in  an  increased  commercial  feasibility  while  also  improving  the 
sensorial and nutritional quality of foods. However, the potential success of a specific 
hurdle strategy depends on an in-depth understanding of the microbial ecology of the 
particular  product,  and  of  the  molecular  mechanisms  of  microbial  inactivation  and 
microbial resistance of the particular compounds being employed to reduce the process 
intensity  required.  Consequently,  a  detailed  knowledge  of  the  key  cellular  pressure 
targets  for  each  hurdle  would  help  the  development  of  combined  hurdle/HPP 
preservation process by establishing the most effective treatment conditions. Therefore, 
the aim of this review is to provide an in-depth view of the mechanisms of inactivation   5 
of bacterial cells of HPP technology and antimicrobial compounds and the effects of 
their combined application as a hurdle strategy. 
 
2. HPP bacterial inactivation mechanisms 
The  antimicrobial  HPP  effect  was  demonstrated  at  the  end  of  the  19
th  century  in 
experiments performed by Hite (1899). HPP treatments cause several changes in the 
cell. Pressure in the range of 20 to 80 MPa inhibits cell division more than cell growth 
(Zobell and Cobert 1963), affects motility (Kitching 1957), and stops synthesis of DNA, 
RNA and proteins (Yayanos and Pollard 1969). Relatively moderate pressure (300-500 
MPa)  affects  a  variety  of  cellular  processes  and  result  mostly  in  sublethal  bacteria 
injury, whereas at higher pressure the cellular membrane appears to be the primary site 
of damage resulting in a rapid increase in microbial inactivation rate (Ulmer et al. 2000; 
Casadei et al. 2002). Membrane lipids, typically in liquid state at room temperature, 
crystallize during pressure build up, altering the permeability of the cell membrane and 
the function of membrane proteins involved in the transport of solutes and ions (Cheftel 
1995a, b) reducing the cells  ability to maintain  a pH gradient across the membrane 
(Wouters et al. 1998). 
The  pressure  resistance  of  bacterial  membranes  depends  on  their  fatty  acid 
composition with unsaturated fatty acids resulting in more fluid membranes under high 
pressure  and  thus  increasing  their  pressure  resistance.  HPP  also  causes  partial  or 
permanent membrane disruption of bacterial cell membranes. Some bacterial species, 
such as some E. coli strains undergo permanent membrane disruption and are unable to 
reseal their  membranes after decompression  (Benito et al. 1999;  Pagán and Mackey 
2000). However, some barotolerant E. coli strains are able to reseal their membranes 
after  decompression  and  recover  cell  viability  (Pagán  and  Mackey  2000).  These   6 
transient  changes  that  affect  membrane  permeability  can  be  exploited  to  introduce 
bactericidal and/or bacteriostatic compounds into bacterial cells to enhance the lethality 
of HPP treatments (Karatzas et al. 2001). 
Another key target of HPP treatments is protein denaturalization, which may 
include  conformational  changes  of  ribosomes,  and  enzyme  inactivation  (Mañas  and 
Mackey 2004). Interestingly, heat shock proteins including chaperones (DnaK, GrpE, 
GroES, and GroEL) and proteases involved in the degradation of denatured proteins 
(ClpB, ClpP and Lon), are synthesized in cells during exposure to sublethal pressures 
and in cells recovering from a pressure treatment (Welch et al. 1993;  Aertsen et al. 
2005;  Aertsen et al. 2004). These proteins  may refold or degrade damaged proteins 
enhancing the HPP resistance of bacterial cells. 
  In  addition  to  the  aforementioned  target  sites  for  the  lethal  effects  of  HPP 
treatments, other types of damage can also cause cell death. In this context, oxidative 
stress during HPP treatments appears to play an important role (Klotz et al. 2010), an 
hypothesis  supported  by  the  enhanced  survival  observed  in  the  recovery  of  cells 
pressure-treated  under  anaerobic  conditions  (Cebrián  et  al.  2010),  the  increased 
pressure-sensitivity observed in E. coli strains with mutations in genes encoding for 
oxidative stress regulatory elements such as oxyR and soxS, as well as in genes encoding 
for  HPII  hydroperoxidase  (katE)  and  superoxide  dismutase  (sodAB)  (Aertsen  et  al. 
2005), and the HPP-triggered release of iron from Fe-S clusters which generate free 
hydroxyl  radicals  via  the  Fenton  reaction  (Malone  et  al.  2006).  These  observations 
suggest that cell death caused  by  HPP treatments could be due  in part to oxidative 
stress. In summary, HPP treatments are not an all-or-nothing events but a multi-target 
technology that may not inactivate all microorganisms and cause only injury to part of 
the cell population (Patterson 2005).   7 
3. Hurdle technology based on HPP 
An alternative to enhance the lethal effects of HPP on foodborne bacterial pathogens is 
to design a  hurdle technology  combining high  pressure with  mild  heat treatment or 
nonthermal technologies  (Kalchayanand  et al. 2003). In addition to combining HPP 
with  mild  heat  to  enhance  the  inactivation  of  bacteria,  HPP  can  be  combined  with 
bacteriocins  (Lee  and  Kaletunç  2010),  potassium  sorbate  (Mackey  et  al.  1995),  or 
lysozyme  (Tribst  et  al.  2008),  all  with  effectiveness  successfully  demonstrated.  The 
synergistic effects observed between HPP and these antimicrobial compounds are in 
part due to the HPP-induced damage in the bacterial cell membrane, facilitating the 
uptake of the antimicrobial agents into the cells (Wouters et al. 1998). 
 
Essential Oils (EOs). A novel family of compounds successfully being employed in 
combination with HPP treatments  is essential oils (EOs). These natural, volatile and 
complex compounds, produced as secondary metabolites by herbs, spices and aromatic 
plants, have antimicrobial effects and  medical properties  in  addition to their unique 
aroma  (Bakkali  et  al.  2008).  In  the  food  industry,  they  have  been  widely  used  as 
flavoring agents  in  food and beverages  (Bakkali et al. 2008) and as antioxidants of 
lipids (Shahidi and Zhong 2010). Although the antimicrobial properties of EOs has been 
recognized since 1950s (Boyle 1955), their use as antimicrobial agents is a recent and 
growing trend reflecting the interest of producers and consumers to reduce the use of 
synthetic preservatives in foods, particularly to inhibit foodborne pathogenic, control 
spoilage bacteria and extend shelf life (Burt 2004). The biological properties of EOs are 
determined by its components, which are typically low molecular weight terpenes and 
terpenoids or aromatic and aliphatic molecules (Bakkali et al. 2008). 
   8 
Terpenes  and  Terpenoids.  These  are  hydrocarbons  containing  5-carbon  (C5)  base 
units  called  isoprenes.  Terpenes  have  the  molecular  formula  (C5H8)n,  or 
CH2=C(CH3)-CH=CH2  (for  n  =  1),  and  are  classified  according  to  the  number  of 
isoprene units as  monoterpenes (2 isoprene units), sesquiterpenes (3  isoprene units), 
diterpenes (4 isoprene units), triterpenes (6 isoprene units), and tetraterpenes (8 isoprene 
units). The most common are monoterpenes (C10) and sesquiterpenes (C15). Terpenes 
are the most representative molecules constituting 90% of the essential oils and allow a 
great  variety  of  structures  with  several  functions  including  carbides,  alcohols, 
aldehydes,  ketones,  esters,  ethers,  peroxides  and  phenols.  Monoterpenes  and 
sesquiterpenes are  formed  from the  coupling of two  isoprene units (C10)  and three 
isoprene units (C15), respectively (Figure 1). The extension of the chain increases the 
number of cyclizations allowing a great variety of structures. Terpenoids are terpenes 
with  oxygen-containing  functions  such  as  alcohols,  aldehydes  or  ketones,  and  their 
building  block  is  the  hydrocarbon  isoprene.  Examples  of  plants  containing  these 
compounds are angelica, bergamot, caraway, celery, citronella, coriander, eucalyptus, 
geranium,  juniper,  lavandin,  lavander,  lemon,  lemongrass,  mandarin,  mint,  orange, 
peppermint, petitgrain, pine, rosemary, sage, and thyme (Bakkali et al. 2008). 
 
Aromatic  compounds.  These  phenylpropane  derivatives  are  less  abundant  than 
terpenes  and  comprise  aldehydes,  alcohols,  phenols,  methylene,  and  methoxy, 
nitrogenous  or  sulfured  compounds.  Typical  plant  sources  for  these  compounds  are 
anise, cinnamon, clove, fennel, nutmeg, parsley, sassafras, star anise, tarragon, and other 
members from the Apiaceae, Lamiaceae, Myrtaceae, and Rutaceae botanical families. 
Nitrogenous  or  sulfured  components  such  as  glucosinolates  or  isothiocyanate   9 
derivatives (garlic and  mustard oils) are also characteristic secondary  metabolites of 
diverse plants, and of grilled and roasted products (Bakkali et al. 2008). 
 
Antimicrobial activity of EOs. The antimicrobial effects of EOs have been extensively 
studied in vitro, where essential oils are brought into direct contact with the selected 
microorganisms, and their inhibition is monitored by means of direct inspection or by 
measuring a physical property that is directly related with microbial growth, such as 
optical  density,  impedance,  or  conductance  (Burt  2004).  Although  the  precise 
antimicrobial mechanisms of EOs are not yet fully understood, primarily because of the 
great  number  of  compounds  involved,  several  cellular  targets  have  been  identified 
(Carson et al. 2002). The primary target is the microbial cell cytoplasmic membrane 
because the lipophilic nature of EOs allows them to translocate through the cell wall 
and  cytoplasmatic  membrane,  and  consequently  increasing  their  permeability  by 
disrupting  the  phospholipid  bilayer  (Sikkema  et  al.  1994).  Fluorescent  probes  with 
propidium iodide, ethidium bromide and rhodamine B have shown how EOs induces 
permeability  alteration  in  the  cytoplasmatic  membrane  and  leakage  of  ions  and 
cytoplasmic contents (Lambert et al. 2001; Ultee et al. 1999). This permeabilization 
induced by EOs has been associated with the leakage of ions and other cell contents 
(Lambert et al. 2001; Cox et al. 2000). The ability of EOs to disrupt the membrane 
integrity also results in the disruption and coagulation of protein complexes embedded 
in the cell membrane as observed by transmission electron microscopy (Gustafson et al. 
1998). These two subsequent events can impair the proton motive force and electron 
flow altering the pH gradient and the electrical potential by changes in ion transport or 
by depolarization through structural changes in the membrane and membrane embedded 
protein  complexes.  Leakage  of  ATP  and  disruption  of  ATPases  localized  in  the   10 
cytoplasmic  membrane  disturb  the  energy  generation  system  (Helander  et  al.  1998; 
Lambert  et  al.  2001).  Two  alternative  and  complementary  mechanisms  have  been 
suggested  whereby  cyclic  hydrocarbon  EOs  might  be  inducing  the  aforementioned 
cellular  damage.  Lipophilic  hydrocarbon  molecules  could  accumulate  in  the  lipid 
bilayer  and  distort  the  lipid-protein  interaction.  Alternatively,  lipophilic  compounds 
could have direct interaction with the hydrophobic regions of membrane proteins and 
protein  complexes  (Sikkema  et  al.  1995).  On  the  other  hand,  phenolic  EOs  may 
interfere with cellular metabolic routes including forming complexes with substrates, 
disrupting  membranes,  inactivating  enzymes,  and  chelating  metals  (Cowan  1999). 
Bacterial cells can tolerate some leakage and impairment of membrane function without 
loss of viability; however, extensive loss of cell contents and membrane function will 
lead to cell death (Denyer and Hugo 1991). 
In  general,  EOs  are  more  active  against  gram-positive  than  gram-negative 
bacteria  (Delaquis  et  al.  2002;  Lambert  et  al.  2001)  primarily  due  to  the  restricted 
diffusion of hydrophobic compounds through the external lipopolysaccharide wall that 
surrounds the peptidoglycan  in gram-negative  bacteria (Vaara 1992). There are  also 
nonphenolic constituents such as allyl isothiocyanate (AIT) in garlic oil which are more 
effective against Gram-negative bacteria (Yin and Cheng 2003; Ogawa et al. 1998). 
However, some EOs (e.g., oregano, clove, cinnamon and citral) are effective against 
both groups (Skandamis and Nychas 2000). In addition, EOs can prevent the growth 
and germination of bacterial spores (Chaibi et al. 1997). Indeed, a concentration of 0.5 
g/L  of  cinnamaldehyde  completely  inhibited  germination  of  Alicyclobacillus 
acidoterrestris spores for up to 13 d (Chaibi et al. 1997); however, further research is 
required to understand their effect on the mechanism of spore germination. The factors 
affecting bacterial resistance to EOs include the physiological stage of bacterial cells   11 
with logarithmically growing cells being more susceptible than stationary phase cells to 
EOs (Phillips and Duggan 2002). Another factor is the microbial growth temperature 
with  lower  values  decreasing  EOs  resistance  as  compared  to  near  optimum  growth 
temperature (Karatzas et al. 2000).  
A  challenging  aspect  of  interpreting  published  research  is  the  often  large 
differences in the antimicrobial activity reported for the same plant EOs. This can be 
explained  by  the  variability  in  the  chemical  composition  and  in  the  relative 
concentration  of  each  EO  constituent  due  to  differences  in  harvesting  season,  plant 
genotype, climate effects, geographical source, plant drying procedures, and subsequent 
extraction typically via steam distillation (Monzote et al. 2006; Angioni et al. 2006). 
The chemical profile of EOs depends also on the extraction technique which varies with 
the  intended  application  of  the  extract  (Bakkali  et  al.  2008).  For  example,  extracts 
containing oxygenated compounds have significantly more antimicrobial activity than 
hydrocarbon monoterpenes (Ait-Ouazzou et al. 2011). 
 
Inactivation  of  foodborne  bacterial  pathogens  with  EOs.  EOs  are  active  against 
important bacterial pathogens such as Salmonella, Staphylococcus aureus, Escherichia 
coli,  Listeria  monocytogenes  and  Yersinia  enterocolitica.  However,  the  precise 
inactivation conditions of foodborne pathogens depend on the microbial ecology and 
complexity  of  the  food  matrix.  The  composition  of  the  food  matrix,  pH  and  water 
activity,  as  well  as  the  food  storage  temperature  and  headspace  composition  will 
directly affect the antimicrobial activity of EOs (Burt 2004). Bacterial pathogens are 
protected from EOs in foods with high levels of starch and fat, primarily because these 
food constituents trap EOs reducing their concentration in contact with bacterial cells 
(Mejlholm and Dalgaard 2002). Low pH enhances the antimicrobial activity of EOs by   12 
increasing their association with bacterial membrane lipids (Juven et al. 1994) while 
high moisture and salt content facilitates their action (Wendakoon and Sakaguchi 1993; 
Tassou et al. 1995; Skandamis and Nychas 2000). Low oxygen, modified atmosphere 
and vacuum packaging conditions enhance synergistically the antimicrobial activity of 
EOs  (Tsigarida  et  al.  2000;  Skandamis  and  Nychas  2001).  Because  Listeria 
monocytogenes can tolerate anaerobic environments, grow in refrigerated products to 
high numbers (Vasseur et al. 1999), and cause listeriosis with most severe consequences 
in unborn children, neonates, pregnant women and the elderly even from low infective 
doses, its viability and growth rate reduction by EOs has driven considerable attention, 
particularly in refrigerated ready-to-eat foods (Rasooli et al. 2006; Lisbalchin and Deans 
1997).  Strong  antilisterial  activity  is  often  correlated  with  EOs  containing  a  high 
percentage of  monoterpenes, eugenol, cinnamaldehyde, thymol, citronellol,  limonene 
and geraniol (Somolinos et al. 2008). 
 
4. Combined Application of HPP and EOs 
The precise mechanism of inactivation for combined HPP/EOs treatments is unclear; 
however,  the  available  evidence  suggests  a  synergistic  effect  (Karatzas  et  al.  2001) 
(Vurma  et  al.  2006).  For  example,  HPP  treatments  can  injure  bacterial  cells  by 
temporally disrupting membranes, and depending on their nature (see above), EOs will 
preferentially  disrupt  cytoplasmic  membranes  causing  an  increased  permeability, 
decreasing the pH gradient in the cell, or alter osmoregulatory functions associated with 
the cytoplasmic membrane. These effects have been observed when combining HPP 
with  the  monoterpenoid  phenol  carvacrol  (C6H3CH3(OH)(C3H7))  inactivating  L. 
monocytogenes (Karatzas et al. 2001). Cells treated with HPP and carvacrol did recover 
on non-selective media (Kalchayanand et al. 1998) but not in media with high NaCl   13 
levels (O'Byrne and Booth 2002) or with carvacrol concentrations that when applied 
alone which caused only  sublethal  injury  (Karatzas et al. 2001). These observations 
support the notion that HPP treatments alone causes only sublethal injuries, and thus 
full inactivation of bacterial pathogens requires the inhibition of cell repair, or the injury 
needs to be made lethal by combining HPP treatments and EOs. The effects of the latter 
strategy are described next and summarized in Table 1. The synergistic effect has been 
demonstrated in the fungus Colletotrichum gloeosporioides causing Anthracnose, the 
main papaya post-harvest disease. Spores of  C.  gloeosporioides  in a saline solution 
were inhibited by a 350 MPa pressure treatment for 30 min. In combination with 0.75 
mg/mL  of  citral  or  lemongrass  oil,  the  pressure  needed  to  achieve  the  same  spore 
inhibition was 150  MPa  (Palhano et al. 2004). However, effects observed  in  model 
solutions need to be interpreted with caution since food matrix components can affect 
the  antimicrobial  effect  of  EOs.  For  example,  Karatzas  et  al.  (2001)  showed  that 
although the synergistic effect of carvacrol and HPP observed in a buffer system also 
occurred in milk, the effect was at least two orders of magnitude lower in milk (3.2 log 
reduction) when compared to those observed in buffer (> 6 log reduction). These results 
are in agreement with reports that the effectiveness of EOs decrease in foods due to the 
presence of components, such as proteins and fats, which immobilize and inactivate 
components in EOs (Smid and Gorris 1999). The addition of mint EO to yogurt drink 
enhanced  HPP  inactivation  of  L.  innocua  and  L.  monocytogenes by  more  than  one 
decimal reduction. Furthermore, this combination reduced the pressure treatment from 
600 MPa/300 s to 100-300 MPa/210 s while ensuring more than 5 decimal reductions of 
L.  innocua.  HPP  treatments  alone,  or  combined  with mint EOs,  did  not  cause 
serum protein separation nor change the drink pH, water activity and color (Evrendilek 
and  Balasubramaniam  2011).  Commercially  sterile  sausages  contaminated  with   14 
barotolerant L. monocytogenes were treated with selected combinations of TBHQ (100 
to 300 ppm), nisin (100 and 200 ppm), and HPP (600 MPa, 28 
oC, 5 min). HPP alone 
resulted  in  a  modest  decrease  in  the  number  of  positive  samples;  however,  L. 
monocytogenes was not detected in any of the inoculated commercial sausage samples 
after  treatment  with  HPP-TBHQ  or  HPP-TBHQ-nisin  combinations.  These  results 
suggest that addition of TBHQ or TBHQ plus nisin to sausage followed by in-package 
pressurization is a promising method for producing Listeria-free ready-to-eat products 
(Chung et al. 2005). Somolinos et al. (2008) reported a synergistic effect of HPP and 
citral on the inactivation of L. monocytogenes and E. coli. Citral is used as a flavoring in 
a variety of foods and is particularly recommended as an antimicrobial additive for soft 
drinks,  orange  juice,  and  apple  juice  where  its  odor  is  likely  to  be  acceptable.  The 
combination of citral and HPP achieved a  higher degree of  inactivation or a higher 
proportion of sublethally injured cells. They demonstrated that the extent of sublethal 
injury after HPP-citral treatments depend on the type of microorganism, and the pH and 
composition of the treatment medium. Chung (2008) studied the synergistic effect of 
butyl  hydroquinone  (BHQ)  and  HPP  treatments  on  the  inactivation  of  barotolerant 
strains of E. coli O157:H7 and L. monocytogenes. The pressure lethality threshold for 
the combination treatment was much lower for E. coli O157:H7 (200 MPa) than for L. 
monocytogenes (> 300 MPa). Differences in sensitivity to the treatment between these 
two  pathogens  may  be  attributed  to  differences  in  cell  envelope  composition  and 
structure previously described. Malone et al. (2008) studied the molecular mechanism 
of the synergistic effect of tert-butyl hydroquinone (TBHQ) combined with HPP using 
selected  E.  coli  mutants  in  genes  maintaining  redox  homeostasis  and  anaerobic 
metabolism chosen because phenolic compounds have an antioxidant action owing their 
ability to scavenge oxidative-free radicals (Bors 1987). However, this work showed that   15 
TBHQ contribute to the oxidative damage of HPP. It has been suggested that pressure 
treatment results in the release of iron from Fe-S clusters leading to the generation of 
hydroxyl free radical via the Fenton reaction (Malone et al. 2006). The release of iron 
ions in the cytosol from the pressure damaged [Fe-S] proteins results in the activation of 
TBHQ forming TBQ, semiquinone anion radical, and reactive oxygen species (ROS) 
leading  to  oxidative  damage  of  DNA  and  cell  membranes,  or  the  generation  of 
substrates for the Fenton reaction (Green and Paget 2004; Malone et al. 2008). 
 
5. Conclusions and future directions 
In  conclusion,  the  combination  of  HPP  with  most  EOs  can  be  effectively 
employed to enhance food safety. This combination could be useful when inactivating 
pressure-resistant L. monocytogenes in food, one of the most important pathogens in 
ready-to-eat products, as well as other foodborne bacterial pathogens. Most promising is 
the ability of EOs to act synergistically with HPP, which allows a reduction on the 
concentrations  of  EOs  incorporated  during  the  formulation,  and  also  of  the  HPP 
treatment  intensity,  leading  to  food  products  with  higher  sensorial  properties  and 
reductions  in  processing  costs.  An  unexploited  field  that  needs  further  attention  to 
enhance HPP’s preservation effect is the synergistic effect of EOs and HPP on bacterial 
spores, which is currently the main barrier for HPP not being considered a sterilization 
technology.   16 
Table 1. Evaluation of the microbial inactivation by hurdle technology approaches based on high pressure processing 
Compound tested  HPP Treatment  Microorganism  Media  Microbial reduction  Reference 
Allyl isothiocyanate (80 µg/mL)  200 MPa/10 min (4 and 40 ºC)  E. coli  Low salt cucumbers  > 5 Log cycles  Ogawa et al. (1998) 
Butylated hydroxyanisole (1.55 mM)  300 MPa/10 min  L.  monocytogenes  Laboratory media  4 Log cycles  Mackey et al. (1995) 
α-terpinene (150 µg/mL)  177 MPa/60 min  S. cerevisae  Laboratory media  2.8 Log cycles  Adegoke et al. (1997) 
(R)-(+)-limonene (200 µg/mL)  177 MPa/60 min  S. cerevisae  Laboratory media  > 6 Log cycles  Adegoke et al. (1997) 
Carvacrol (2.5-3 mM)  250-300 MPa/20 min  L. monocytogenes  Laboratory media  > 6 Log cycles  Karatzas et al. (2001) 
Carvacrol (3 mM)  300 MPa/20 min  L. monocytogenes  Milk  3.2 Log cycles  Karatzas et al. (2001) 
Citral (0.75 mg/mL)  150 MPa/30 min  Colletotrichum 
gloeosporioides spores  Laboratory media  > 7 Log cycles  Palhano et al. (2004) 
Mint essential oil (0.5 and 1 µL/mL)  100-300 MPa/3.5 min  L. innocua and L. 
monocytogenes  Yogurt  > 5-6 Log cycles  Evrendilek and 
Balasubramaniam (2011) 
TBHQ (100 ppm)  400 MPa/5min  L. monocytogenes  Laboratory media  4.2 Log cycles  Chung et al. (2005) 
TBHQ (300 ppm)  600 MPa/5min  L. monocytogenes  Sausages  > 9 Log cycles  Chung et al. (2005) 
TBHQ (100 ppm)  400 MPa/10 min  L. monocytogenes  Laboratory media (pH 7)  1.15 Log cycles  Somolinos et al. (2008) 
Citral (1000 ppm)  300 MPa/10 min  E. coli  Laboratory media (pH 7)  0.3 Log cycles  Somolinos et al. (2008) 
TBHQ (50 ppm)  500 MPa/1 min  L. monocytogenes  Laboratory media  6 Log cycles  Chung and Yousef (2008) 
TBHQ (50 ppm)  200MPa/1 min  E. coli  Laboratory media  > 8 Log cycles  Chung and Yousef (2008) 
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